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Abstract

Water hyacinth, an invasive species in natural water habitats, poses ecological challenges but also holds promise
as a biofuel resource due to its abundant biomass. To optimize sugar yield for biofuel production, this study
focuses on pretreating water hyacinth with acetic acid (AC) using Response Surface Methodology (RSM).
Comparing AC, hydrochloric acid (HA), and untreated samples, AC-pretreated samples yielded the highest
sugar content at 28.26 g/100 g of biomass, nearly 1.97 times higher than that of untreated samples. Additionally,
AC-pretreated samples produced the maximum biogas (2573 mL) after 45 days of anaerobic digestion, while
HA pretreatment yielded the highest ethanol production (9.32 g/L) within 48 h. The structural changes in the
pretreated and untreated water hyacinth samples were compared using FTIR analysis, and the results showed
that the pretreatment approaches exposed more cellulose to hydrolysis. Furthermore, the study investigated the
impact of post-washing following acid pretreatment of water hyacinth and discovered that AC residues had no
adverse effects, suggesting that the post-washing phase was unnecessary for ethanol production. These findings
demonstrate that AC pretreatment can effectively enhance hydrolysis and biofuel production and that eliminating
post-washing may reduce wastewater generated during the pretreatment process.
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1 Introduction human health [1]. Renewable energies, including

biomass, play a crucial role in addressing these issues,
The continuous reliance on fossil fuels as the primary  as biomass is considered a “carbon-neutral” fuel [2].
energy source has resulted in global climate change, In many tropical places throughout the world, water
environmental degradation, and adverse effects on  hyacinth (Eichhornia crassipes) represents a potential
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source of lignocellulose biomass [3]. This water weed
belonging to the Pontederiaceae family exhibits rapid
growth and can produce 2 tons of biomass per acre by
doubling its population every 5—15 days [4]. Significant
issues with water ecosystems have resulted from
it, including limited light penetration, decreased
dissolved oxygen concentration, water loss in irrigation
systems due to increasing evaporation, sedimentation
from trapping soil particles, and obstruction of
shipping lanes and water flow during flooding [5].
Efforts to eradicate this weed have proven costly and
labor-intensive, with nonpermanent removal of water
hyacinths [6].

Water hyacinth possesses a substantial amount
of cellulose and hemicellulose, but its lignin content
is comparatively low [7], [8]. This composition makes
water hyacinth an excellent candidate for enzymatic
conversion, as it can be converted into fermentable
sugars. This conversion process provides significant
chances for the production of several valuable products
such as bioethanol [9], biohydrogen [10], biogas
[11], platform chemicals [12], and biochemicals [13].
Despite, the abundant hemicellulose and cellulose content
and its rapid growth, the strong association between
hemicellulose and lignin in water hyacinths limits the
availability of hemicellulose for microorganisms.

To address this issue and optimize the production
of biofuels and biochemicals, it is crucial to include
a pretreatment step in the biorefinery process for
lignocellulosic biomass [14]. Pretreatment plays an
essential role in breaking down the complex organic
structure of biomass into simpler molecules, making
them more amenable to saccharification and fermentation
processes [15]. Various methods are employed for
pretreating lignocellulosic biomass, including physical,
chemical, and biological approaches. In a specific
study, water hyacinth was pretreated by using sulfuric
acid at a concentration of 5% v/v. The results showed
an improved biogas yield of about 107 mL/g of volatile
solids (VS). Nevertheless, this pretreatment also led to
the formation of compounds that degrade sugars after
45 min, potentially affecting subsequent saccharification
and fermentation processes [16].

Harsh pretreatment conditions involving high
acid concentration, elevated temperatures, and
prolonged reaction times can result in the loss
of sugar and the production of inhibitors that
hinder the activities of hydrolytic enzymes during

enzymatic saccharification and fermentation. Therefore,
detoxification becomes crucial in removing these
inhibitory compounds to maximize the process
efficiency. Adjusting the pH to the optimal range
(5.0-5.5) for cellulase enzyme activity during
enzymatic saccharification is crucial. However,
pH adjustment using NaOH or KOH to neutralize
acidity introduces NaCl or KCl, respectively, which
can negatively affect cellulase activity [17], [18].
Additionally, pH neutralization through washing with
approximately 6 liters of deionized water for a 5 g
sample results in a significant amount of wastewater
generation [19]. These challenges can be reduced by
utilizing organic acid in the pretreatment process. A
comparative study exploring the effects of three types
of organic acids (oxalic acid, acetic acid (AC), and citric
acid) and inorganic acids (hydrochloric acid (HA)) on
the pretreatment of palm trunk biomass for bioethanol
production demonstrated that oxalic acid and citric
acid yielded the highest quantities of reducing sugar
(0.144 g/g-pretreated biomass) and ethanol (16.27 g/L),
respectively [20]. AC (CH;COOH) is an organic acid
commonly found in vinegar and is recognized as
one of the simplest carboxylic acids. Due to its cost-
effectiveness and widespread availability, AC is widely
used in various industries. Consequently, comparing
the pretreatment effects of AC and the inorganic acid
of water hyacinth represents an interesting avenue for
improving the pretreatment process.

In this study, AC and HA were employed to
pretreat water hyacinths to enhance ethanol and
biogas production. Response Surface Methodology
(RSM) was employed to optimize the pretreatment
parameters to maximize the release of sugar content.
Additionally, the influence of post-washing following
acid pretreatment on the substrate's effectiveness in
producing bioethanol and biogas was examined to
minimize wastewater generation during the pretreatment
process. Furthermore, the study examined the effects of
acid pretreatment on the chemical bonding arrangements
within the biomass to gain insights into the mechanism
of acid pretreatment.

2 Materials and Methods
2.1 Preparation and analysis of water hyacinth

Water hyacinth was obtained from a freshwater canal

D. Jose et al., “Influence of Acetic Acid Pretreatment and its Residue on Bioethanol and Biogas Production from Water Hyacinth.”



Applied Science and Engineering Progress, Vol. 17, No. 3, 2024, 7326 3

in Nonthaburi Province, located in the central
region of Thailand. The biomass was then manually
trimmed to decrease its size to 1 cm. Subsequently,
the moisture was removed by subjecting it to drying
in a hot air oven at 60 °C until a constant weight
was achieved and the weight of the dried biomass
was recorded. The dried biomass was further ground
using a household homogenizer and screened using
a 20-mesh aluminium sieve. To assess the cellulose,
hemicellulose, and lignin compositions of the water
hyacinth, the standard method described by Licitra
et al. [21] was employed. The determination of the to-
tal solids (TS) and VS of the biomass was conducted
using the established protocols of water and
wastewater analysis [22].

2.2 Design of experiment

The pretreatment optimization experiments were
conducted using (RSM) with a Box-Behnken
experimental design (BBD), employing the Design-
Expert software. The main objective of RSM was to
optimize the independent variables, which represented
the pretreatment factors, to achieve the maximum
output for the dependent variable, which in this study was
the concentration of reducing sugar. The pretreatment
parameters in the experimental design were time
(X;: 30, 60, and 90 min), temperature (X,: 100, 120,
and 140 °C) and AC concentrations (X;: 2, 7, and
12% (w/v)). The reducing sugar (YRS, mg/mL), was
considered as the dependent variable in this study.
The coded values were assigned to represent different
levels of the independent variables, as shown in Table 1.
The BBD comprised a total of 17 experimental runs,
incorporating various combinations of the factors
being tested, as presented in Table 2. The statistical
analysis of the experimental data was carried out
using the Design-Expert software, which allowed for
the formulation of a second-order model as shown in
Equation (1):

3 3 2 3
Y= ﬂo + zizlﬁiXi +zi:1'BIiXi2 +Zi:12J:i+1ﬂ€inXj
(1
where, Y is the expected reducing sugar yield, £ is

the regression coefficient, and X is the independent
variable.

Table 1: Independent variables along with coded
value levels

. Tested Level
Factor Units 3 0 1
Time X min 30 60 90
Temperature X, °C 100 120 140
AC concentration | X; | %w/v 2 7 12

Table 2: BBD matrix that was designed for optimization
experiment. The impact of AC pretreatment conditions
including time (X,), temperature (X,) and AC
concentration (X;) was tested in 17 runs on sugar

yield (Ygs)
Run | Time |Temperature| Acid Concentration Yis
No. |(X)), min| (X)), °C (X3), Yowlv (mg/mL)
1 60 100 2 2.36
2 30 100 7 2.60
3 90 100 7 3.60
4 60 100 12 2.05
5 30 120 2 1.08
6 90 120 2 1.70
7 60 120 2 1.62
8 60 120 7 1.14
9 60 120 7 0.77
10 60 120 7 1.43
11 60 120 7 1.51
12 30 120 12 1.00
13 90 120 12 1.72
14 60 140 2 0.88
15 30 140 7 1.52
16 90 140 7 1.27
17 60 140 12 1.56

2.3 Acetic acid and hydrochloric acid pretreatment
of water hyacinth

The pretreatment process involved utilizing AC under
specific conditions, as outlined in Table 2. A benchmark
for AC pretreatment was established based on HA
pretreatment, which entailed a pretreatment time of 80
min, a pretreatment temperature of 104 °C, and an acid
concentration of 1.41% [23]. The volume of 50 mL
that contains biomass with 10% (w/v) concentration
in each acid solution loaded in screw-capped bottles
underwent pretreatment by heating in a hot air oven,
with the temperature and time determined according to
the RSM research methodology (Table 2). Afterwards,
the solid fraction of the pretreated biomass was
separated through filtration, employing a fritted-glass
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filter, and subsequently rinsed with deionized water
until a neutral pH was achieved. The washed solid
fraction was then dried in a hot air oven (Model:
WOF-50, make: Daihan Scientific, Korea) at 60 °C
for 48 h, and the weights of the dry samples were
recorded, before being subjected to enzymatic
saccharification. The compositions of dried residual
solids were further analyzed to evaluate the alteration
in cellulose, hemicellulose, and lignin resulting from
the pretreatment process. Moreover, both washed and
unwashed pretreated water hyacinths were evaluated,
and their saccharification yields were compared. For
the unwashed sample, the solid fraction obtained after
pretreatment was resuspended with 50 mL of deionized
water and the pH of the mixture was brought to 7.0
by adding NaOH solution. The residual solid biomass
samples were subsequently dried in a hot air oven at
60 °C for 48 h before undergoing enzymatic hydrolysis.

2.2 Engymatic saccharification

The pretreatment effectiveness of each experimental
run was assessed by measuring the enzymatic
saccharification efficiency of the pretreated water
hyacinth by using a commercially available cellulase
enzyme mixture. The mixture comprised 20 FPU/g-
substrate of Celluclast 1.5 L (Sigma-Aldrich, USA)
and 100 CBU/g-substrate of Novozyme 188 (Sigma-
Aldrich, USA) [24], [25]. The enzymatic hydrolysis of
biomass was performed individually in Falcon tubes,
each containing 20 mL of 50 mM sodium citrate buffer
(pH 4.7), 200 pL of 2 M sodium azide and 0.5 g of
pretreated biomass. The hydrolysis reactions were
conducted at 50 °C for 72 h in a shaking incubator set
at 200 RPM. The quantity of reducing sugars released
in the hydrolysate was measured utilizing the 3,5-
dinitrosalicylic acid (DNS) technique [26]. Following
the saccharification process of both washed and
unwashed solids, the resulting liquid hydrolysate was
obtained through centrifugation at 8000 xg for 10
min. Subsequently, the hydrolysate was subjected to
fermentation. To minimize variability in the experimental
data, all the experiments were performed in triplicate.

2.4 Bioethanol fermentation

The fermentation process involved the use of
Saccharomyces cerevisiae TISTR 5606, received from

the Thailand Institute of Scientific and Technological
Research (TISTR). In a tightly-sealed flask with a
capacity of 50 mL, 1 mL of yeast suspension with an
absorbance of 1.0 at 600 nm was inoculated in 19 mL of
liquid hydrolysate. To support the initial proliferation
of the yeast culture in hydrolysate, glucose (1% w/v)
and yeast extract (1% w/v) were introduced as carbon
and nitrogen suppliers [27], and the pH of the medium
was adjusted to 5.0 by adding 1N HA. Subsequently,
the flask was placed in a shaking incubator set at 32 °C
and 100 RPM for 48 h. Following the incubation, the
supernatant was separated by centrifugation at 8000 xg
for 10 min, and the ethanol concentration was analyzed
using Gas Chromatography with Flame lonization
Detection (GC-FID) with a model GC-2010 (Shimadzu,
Japan). The GC system was equipped with an FID
detector and a Dura Bond (DB) wax column (30 m x
0.25 mm, 0.25 pm) (Agilent Technologies, Inc., USA).
The ethanol analysis was conducted using an oven
program with a temperature setting of 40 °C for 4 min,
followed by a ramp to 100 °C (5 °C/min), and then a
further ramp to 200 °C (10 °C/min). For the ethanol
sample analysis, the injector volume was maintained
at 1 uL in split mode (1:20) [28]. The yeast pellet
obtained after centrifugation was dried in a hot air
oven at 60 °C for 48 h to measure yeast growth based
on its dried weight. The ethanol concentration was
determined after subtracting the ethanol yield from the
negative control, which consisted of a buffer without
glucose. The fermentation process was conducted in
triplicate to minimize variability in the experimental
data and the ethanol yields obtained from each
treatment were analyzed statistically (p-value < 0.05)
based on Analysis of Variance (ANOVA) by using
Statistical Package for the Social Sciences (SPSS)
software version 22.0.

2.6 Biogas production

The impact of both AC and HA pretreatment on biogas
production from water hyacinth was evaluated through
an anaerobic digestion experiment. The TS and VS
of the seed inoculum were determined following the
method described in [22], resulting in values of 65.8
+ 0.7 g/L and 38.6 + 0.5 g/L, respectively. Before
initiating the assays, the inoculum was subjected to a
48 h starvation period at 35 °C with 100 RPM agitation,
without the addition of any substrate. The batch biogas
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production experiments were conducted using tightly-
capped Erlenmeyer flasks with a final working volume
of 500 mL. Each flask contained 3 g-TS wastewater
sludge of anaecrobic digester, 3% wt of pretreated
biomass, 10 mL of Nutrient broth media (Himedia,
India), and bicarbonate buffer (15 mL) with pH 7.0.
The final pH of each flask was to be 7 before closing
the cap. To maintain anaerobic conditions, each flask
was purged with nitrogen gas to remove any remaining
air. The reactors were then incubated at 35 °C in a
static water bath for 40 days. The biogas production
was determined by monitoring the displacement of
water volume caused by the release of biogas. Each
experimental test was performed in triplicate.

2.7 Fourier transform infrared spectroscopy (FTIR)
analysis

The structural alterations in water hyacinth caused
by the pretreatment were examined using an FTIR
spectrometer (Spectrum 2000, Perkin Elmer, USA).
Spectra of both the untreated and pretreated water
hyacinth samples were recorded, with a resolution of
4 cm™ and 16 scans per spectrum, encompassing the
range from 4000 to 400 cm ™.

3 Results and Discussion
3.1 Optimization of organic acid pretreatment

Using the optimization design of this study, RSM
was employed to predict and assess the influence of
individual AC pretreatment conditions on the sugar
yields released during enzymatic saccharification
from water hyacinth. The impacts of pretreatment
parameters (time, temperature and acid concentration)
on released reducing sugar, as well as the interactions
between two pretreatment parameters, were statistically
analyzed by ANOVA, with results expressed as F-value
(Table 3). A regression model was developed based on
the experimental data from 17 runs, with a significance
level of the model at a p-value < 0.05. The effect
of each pretreatment parameter and the interaction
between the two parameters, i.e. term models, were
found to be significant based on p-value <0.1. According
to these criteria, the model terms, including Temperature
(Temp) and TempxConcentration (Conc), were identified
to be the significant terms in AC pretreatment.

Sugar yield (mg/ml)

200710000

Figure 1: Response surface plots expressing the influence
of AC concentration and pretreatment temperature on
sugar yields.

Equation (2) represents the second-order models
generated for AC pretreatment of water hyacinth.

Yps=7120.96 — 0.17 X Temp — 4.43 X Conc + 0.3982
X Temp X Conc 2)

The generated response surface plot is a tool to
visualize the impact of two parameters on sugar yield
at a time (Figure 1). In this study, AC pretreatment
exhibited a high sugar yield when both factors
(temperature and acid concentration) increased. To
validate the mathematical models obtained from RSM,
the predicted optimal condition (Time = 48.10 min,
Temp = 140 °C and Conc = 12% w/v) was
experimentally conducted again and the sugar yield
obtained from the experiment was compared with
the predicted yield. The findings indicated that the
predicted sugar yield at 0.41 g/g-biomass was similar
to the yield obtained from the validated experiment at
0.44 g/g-biomass, suggesting that the optimization of
RSM is robust and accurate.

Table 3: ANOVA analysis to determine the significance
of AC pretreatment parameters on sugar yield

Source Ss;lil;l::fs df Sl‘(;lz::_le F-Value (15::::]:;)
Model 122.61 | 3 40.87 5.05 0.0155
Temp 35.32 1 35.32 437 0.0569
Conc 23.86 1 23.86 2.95 0.1096
Temp X Conc | 63.43 1 63.43 7.84 0.0150
Residual 105.17 | 13 8.09 - -
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3.2 Engzymatic saccharification of pretreated water
hyacinth

Reducing sugar yields obtained from washed and
unwashed solids of water hyacinth after AC pretreatment
at optimum conditions by enzymatic saccharification
were measured. The washing process is essential to
eliminate salt traces, phenolic compounds, and sugar
degradation compounds that could inhibit cellulase
activity [19]. Therefore, the treatment of wastewater
generated from the washing step for the second
generation of bioethanol production becomes an
operational and economical burden of lignocellulose
biorefinery. Understanding the influences of
pretreatment chemical residues on downstream steps,
especially enzymatic saccharification and fermentation
was necessary to skip the washing process to save
process cost and operational time.

In the current study, the effect of pretreatment
on both washed and unwashed samples was analyzed
using the reducing sugars derived after saccharification.
The enzymatic hydrolysis of washed solids (AC and
HA) by cellulase cocktail led to increased output of
reducing sugars than unwashed solids. The reducing
sugars yield elevated by 1.94 and 1.62-fold for the
washed AC and HA pretreated solids, respectively,
then the unwashed AC (0.23 g/g-biomass) and HA
pretreated solids (0.32 g/g-biomass). The high yield
of reducing sugar was released from washed HA-
pretreated samples (0.52 g/g-biomass) that were
explained by hydronium ions originating from the
acid catalyst. Hydronium ions cause the breakdown of
the long cellulose and acetyl groups of hemicellulose
chains, which increases the accessibility of the enzyme
to cellulose into sugar monomers [29]. On the other
hand, AC-pretreated solid exhibited a lower yield of
reducing sugar (0.44 g/g-biomass) than HA-pretreated
solid. For unwashed samples, the reducing sugar yields
obtained in AC and HA pretreated samples increased
by 1.09 and 1.52-folds, respectively, compared to
untreated water hyacinth (at 0.21 g/g-biomass).
This result indicated that inorganic salt (from pH
neutralization of HA and NaOH) remains in hydrolysis
reaction inhibited enzyme hydrolysis and decreased
sugar yields in both AC and HA pretreated samples.
This observation agrees accordingly with previously
reported studies that show a decrease in the sugar
yield by 23% of Celluclast 1.5 L when the hydrolysis

0.6 -

05

0.4 §
02II I

Unwashed ‘Washed Unwashed ‘ Washed

Reducing Sugar (g/g)

Untreated E Acetic acid Hydrochloric acid

Figure 2: Reducing sugar yield obtained from enzymatic
saccharifications of untreated and treated water hyacinth
(washed and unwashed) by AC and HA. Each alphabet
represents the statistical difference in sugar yield.

reaction of Carboxymethylcellulose (CMC) contains
0.5 M concentration of inorganic salt [30]. In addition,
Celluclast 1.5 L and Accellerase 1500 exhibited a
reducing sugar yield from Avicel substrate to less than
70% when containing residue of ionic liquid salt, 0.5
M EMIM-Ac, in saccharification [18]. Comparing the
reducing sugars obtained from washed and unwashed
samples (Figure 2), it could be concluded that post-
washing after pretreatment should be conducted to
maximize the efficiency of enzymatic saccharification.

To understand how acid pretreatment promotes the
enzymatic saccharification of biomass lignocellulose,
the composition analysis of cellulose, hemicellulose
and lignin of untreated and pretreated samples was
performed to monitor the changes in these compositions
caused by pretreatment (Table 4). Compared to
untreated samples (23.99%), cellulose contents in AC-
and HA-pretreated samples were enriched to 25.51%
and 33.34%, respectively. Oppositely, hemicellulose
contents in both pretreated samples decreased from
32.03% in untreated samples to 28.48% and 28.62%
in AC- and HA-pretreated samples, respectively.
Removal of hemicellulose by acid pretreatment
helps to expose cellulose fibrils to cellulase which
subsequently increases the efficiency of enzymes for
sugar production [31]. The AC pretreatment recovered
less reducing sugar content in the hydrolysate, which
may be because AC is moderately effective in removing
xylan in hemicellulose than other acids [32]. In the case
of lignin, the percentages of lignins were increased
in AC- and HA-pretreated samples for 2.20 and 1.69
fold-time when compared to untreated water hyacinth.
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According to these results, it could be explained
that the acid pretreatment leads to the hydrolysis of
hemicellulose into its oligomers and monomers,
however, it is not effective to remove lignin from
lignocellulose [15]. Organic acids were reported to
be milder pretreatment and assisted the solubilization
of hemicellulose with minimal sugar breakdown and
lower production of inhibitory compounds [33]. The
increase of lignin content caused by AC and HA in this
work is in agreement with the previous studies. In most
severe pretreatment conditions, i.e. acid concentration
of more than 1% [34], after hemicellulose removal,
lignin is liberated from biomass fibrils. After that,
lignin could re-aggregate, condense and re-deposit on
the surface of pretreated biomass, so-called pseudo-
lignin, which subsequently reduces the accessibility of
cellulase to biomass and sugar yield from biomass [35].

Table 4: Composition analysis of HA- and AC-
pretreated water hyacinth at optimal pretreatment
conditions

Samples

Cellulose
(Yowt)

Hemicellulose
(Yowt)

Lignin
(Yowt)

Untreated

23.99 +0.032

32.03 £0.007

15.57£0.078

HA-pretreated

33.34+0.025

28.62 +0.020

26.37+0.038

25.51 £0.040

28.48 +0.021

34.31+£0.035

AC-pretreated

3.3 Fourier-transform infrared spectroscopy analysis

FTIR analysis was conducted to study the chemical
structure and chemical bonding arrangement of water
hyacinth before and after different pretreatment
methods. The peaks in the FTIR spectra represent
different functional groups present in the biomass, and
changes in peak intensity can be used to infer changes
in the chemical structure of the biomass. Figure (3)
shows the FTIR spectra of untreated and pretreated
water hyacinth for understanding the change in the
peak height that is representative of different functional
groups. The peak at 1049 cm ', representing
hemicellulose, was found to have decreased in
intensity after pretreatment with both AC and HA
compared to the untreated biomass [36]. The peak at
1319 cm!, ascribed to cellulose, was slightly higher
for both pretreated biomass contrasted to the untreated
water hyacinth, indicating that more cellulose was
retained during pretreatment. Previous reports have
noted comparable observations regarding changes in

A NSRS

19 \® 1_.!\"-"'

Acetic acid

%)

(

Hydrochloric acid

Untreated

Transmission

300 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm!)

Figure 3: FTIR spectra spanning the untreated and the
pretreated water hyacinth using AC and HA.

cellulose in sugarcane bagasse caused by pretreatment
using different acids [37]. The peak at 1638 cm ',
ascribed to lignin, showed insignificant changes in
intensity after pretreatment suggesting that lignin was
less affected during pretreatment.

A decrease in height of the peak at 1739 cm™
was observed for both AC and HA-pretreated water
hyacinth but was absent in the untreated, indicating the
removal of ferric and p-coumaric acids of lignin during
pretreatment [38]. The peak at 2918 cm ', allocated
to the CH bond in cellulose, was found to be almost
the same for both AC and HA pretreated biomasses
compared to the untreated water hyacinth, indicating
that more cellulose was retained during pretreatment
[39]. The broad peak at 3300-3500 cm™ represents
the hydroxyl stretching vibration in carbohydrates.
The intensity of the peak at 3422 cm™, corresponding
to the stretching vibration of the OH bond in AC,
was found to be stronger than that in HA and the
untreated biomass, indicating more hydroxyl groups were
released during AC pretreatment [40]. These results
agree with the compositional studies shown in Table 4.
Overall, the FTIR analysis confirms that the pretreatment
methods have led to cellulose fractionation and
removal of hemicellulose, which exposes more cellulose
to hydrolysis.

3.4 Effect of pretreatment chemical residues on
bioethanol production from pretreated water hyacinth

The fermentation after saccharification was conducted
to estimate and compare the bioethanol production
using the washed and unwashed pretreated hydrolysates.
The results showed the unwashed sample was found to
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produce bioethanol at the same level when compared
to the washed sample in HA-pretreated samples
(Figure 4(a)). The highest bioethanol production was
obtained is 9.32 g/L for unwashed HA sample followed
by HA washed, AC washed, AC unwashed and
untreated (4.84 g/L), respectively. The reason for this
is that washing can remove some of the sugars and
other soluble components that were generated during
pretreatment. These components can be used as carbon
sources [41] and promote the microbe’s tolerance
to inhibitors during fermentation [42]. Suresh et al.
[41] studied HA/H,SO, hydrolysis optimization of
agar waste and bioethanol production efficiency was
investigated. The results exhibited that galactose
(Gal), 5-hydroxymethylfurfural (HMF) and levulinic
acid (LA) were generated as hydrolysis products. The
result shows that low concentrations of HMF can act
as cellulase inhibitors but yeast also can utilize it as
carbon sources during fermentation. Furthermore,
Greetham et al. [42] reported that the presence of
low concentrations of AC (20 mM) promotes yeast
tolerance to HMF and furfural.

During biomass pretreatment, some soluble
components that are raw materials for biofuel
production are removed leading to lower yields of
biofuels during fermentation. In the study performed
by Zeng et al. [43] HA-pretreated corn stover was
washed with water or ethanol after pretreatment. They
found that washing of biomass led to a significant
reduction in the concentrations of sugars and other
soluble components, and as a result, the ethanol yields
during fermentation were lower in the washed samples
compared to the unwashed samples [43]. Another study
on switchgrass for the production of biofuels compared
different washing methods, including water washing,
acid washing, and ethanol washing. The researchers
found that all of the washing methods led to a reduction
in the concentration of soluble components, which in
turn reduced the yields of biofuels during fermentation.
They concluded that minimizing the washing steps
or avoiding them altogether can lead to higher yields
of biofuels [44]. Therefore, the present study proves
that retaining the components during pretreatment
by avoiding washing steps can help to improve the
efficiency of biofuel production from lignocellulosic
biomass.

Additionally, the effects of the post-washing
step on the growth of S. cerevisiae TISTR 5606, were
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Figure 4: (a) Ethanol yields obtained from yeast
fermentation of water hyacinth hydrolysates (b) yeast
cell density in the form of dried weight obtained
after ethanol fermentation. Each alphabet represents
statistical difference in ethanol yield and cell density.

also assessed (Figure 4(b)). The cell densities of yeast
cultures in the form of dried weights were examined
on the pretreated, (HA and AC) washed and unwashed
samples. It was found that the yeast cell density in
the washed HA-pretreated sample (2.34 g/L) dropped
compared to other samples (2.78-2.98 g/L). This
may be due to the removal of some of the soluble
components such as sugars and other nutrients, during
the washing step, which might have resulted in a less
favorable environment for the growth of yeast cells,
leading to lower cell density. Yu et al. [45] investigated
the effect of washing on the growth of S. cerevisiae
during lignocellulosic hydrolysate fermentation. They
found that washing the hydrolysate led to a decrease
in the concentration of nutrients, such as amino acids
and vitamins, which resulted in a lower cell density of
yeast. The yeast cell density was higher for untreated
biomass than pretreated biomass (2.98 g/L). The lower
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cell density of yeast observed in the pretreated biomass
samples may be due to the formation of inhibitory
compounds during the pretreatment process, such as
furans and phenolics, which can affect the growth of
yeast cells [46]. Additionally, the pretreatment process
can cause changes in the physical and chemical
properties of the biomass, such as changes in pH,
particle size, and composition, which can also impact
the growth of yeast cells [47]. A study by Liu et al.
[47] investigated the effect of different pretreatment
methods on the growth of S. cerevisiae during
bioethanol fermentation of corn stover. They found
that the highest yeast cell density was in the untreated
biomass, while the lowest cell density was noticed
in the biomass pretreated with acid. The authors
attributed the lower cell density in the pretreated
biomass to the presence of inhibitory compounds
formed during acid pretreatment. However, additional
research is necessary to comprehend the impact of
inhibitory compounds on the growth of yeast cells.

3.5 Biogas production

The effect of pretreatment using HA and AC in
pretreatment was investigated through the production
of biogas from water hyacinth using an anaerobic
digester for 45 days. As the pH is one of the significant
factors that cause biogas production, it is maintained to
7.0 unless there is a failure of the process. Therefore,
the analysis of the post-washing step is not conducted
further for biogas production to maintain the pH
concentration. The cumulative biogas production from
day 1 to day 45 foruntreated, HA and AC were 1948.5 mL
(125.95 mL/g-TS), 2116.5 mL (136.81 mL/g-TS) and
2573 mL (166.32 mL/g-TS), respectively (Figure 5).
The maximum yield of biogas for AC-pretreated water
hyacinth that was higher than the untreated sample
for 1.32 fold-time was due to several reasons. One of
the reasons is that AC pretreatment may lead to the
generation of more fermentable sugars by breaking
down the hemicellulose and cellulose components of
the biomass [48]. Additionally, AC is less harsh than
HA and may not cause as much degradation of the
biomass components, which can result in higher yields
of biogas [49]. A study by Nimje et al. [49] investigated
the effect of different pretreatment methods on biogas
production from water hyacinth biomass. They found
that AC pretreatment resulted in the highest biogas
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Figure 5: (a) Total biogas production during 40 days
obtained from batch anaerobic digester of each
condition and (b) cumulative biogas production for
untreated and pretreated water hyacinth. Each alphabet
represents the statistical difference in biogas yield.

yield, with a methane content of 68.5%. This was
attributed to the generation of more soluble sugars and
less degradation of the biomass components compared
to other pretreatment methods, such as HA and steam
explosion. Another study by Pandey et al. [48] also
reported similar results, where they compared the
effectiveness of different pretreatment methods on the
biogas production from water hyacinth. They found
that AC pretreatment resulted in the highest biogas
yield, with a methane content of 57.6%. This can be
ascribed to the efficient elimination of hemicellulose
and the production of more fermentable sugars, which
resulted in higher biogas yields.

The mass balance of the overall experiment from
untreated and pretreated water hyacinths to reducing
sugar, ethanol, and biogas was estimated based on
the experimental results and summarized in Table 5.
Per 100 g of raw biomass, the AC pretreated biomass
provided the highest conversion yields of reducing
sugar (28.26 g), ethanol (14.99 g) and biogas (1.06 L)
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compared to HA pretreatment and untreated biomass.
This is in contrast to the findings of Gunduppalli
et al. (2022), whose study on water hyacinth subjected
to oxalic acid and citric acid pretreatments yielded
lower amounts of reducing sugar (23.04 g and 27.27 g,
respectively) and ethanol (17.41 g and 15.31 g,
respectively) [23]. Interestingly, the post-washing step
was found to be unnecessary for ethanol fermentation
of the AC-pretreated sample. Further studies are
needed to evaluate whether the cost of the washing
process, separation unit, and wastewater treatment
facility is justified by the higher yields of reducing
sugar and biogas obtained from the AC pretreatment
compared to the HA pretreatment.

Table 5: Mass balance calculation to represent the
conversion of 100 g of raw biomass to reducing sugar,
ethanol and biogas

Samples ReduFing Ethanol Yield | Biogas Yield
Sugar Yield (g) (2) (L)
Untreated 14.32 13.23 0.86
HA-pretreated 1.29 11.85 0.46
AC-pretreated 28.26 14.99 1.06

4 Conclusions

The present study highlights the potential of water
hyacinth as a valuable resource for biofuel production
and underscores the significance of optimizing the
pretreatment process to maximize sugar yields. The
use of AC as a pretreatment agent, guided by RSM,
proved highly effective, resulting in a substantial
increase in sugar content compared to untreated
samples. Additionally, AC-pretreated biomass
exhibited excellent performance in biogas production
through anaerobic digestion. Notably, the study also
revealed the feasibility of eliminating the post-washing
phase after AC pretreatment, reducing the environmental
impact of the process. These findings collectively
support the viability of AC pretreatment for enhancing
hydrolysis and biofuel production while promoting
sustainability by potentially minimizing wastewater
generation. This approach represents a novel application
of AC pretreatment specifically tailored to water
hyacinths, highlighting the importance of customizing
pretreatment methods for different feedstocks. Future
research endeavors should focus on optimizing the AC
pretreatment process further and explore the integration

of water hyacinth-based biofuel production within the
broader context of sustainable biorefineries. Additionally,
comprehensive environmental and economic
assessments will be vital to ascertain the viability of
large-scale implementation and the potential benefits
for both the bioenergy sector and the environment.

Acknowledgments

The authors are thankful to King Mongkut's University
of Technology North Bangkok (Grant Contract No.
KMUTNB-PHD-66-03 and KMUTNB-FF-67-B-03)
and Srinakharinwirot University (035/2567) for the
financial support during this work.

Author Contributions

D.J. and P.T.: conceptualization, investigation, reviewing
and editing; D.J., A.T. and D.D.: investigation,
methodology, writing an original draft; V.P.
and Y.C.: research design, data analysis; M.S. and P.T.:
conceptualization, data curation, writing—reviewing
and editing, funding acquisition, project administration.
All authors have read and agreed to the published
version of the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

[1] I N. Budiyono, S. Widiasa, and S. Johari, “The
kinetic of biogas production rate from cattle
manure in batch mode,” International Journal of
Chemical and Biomolecular Engineering, vol. 3,
pp. 39-44, 2010.

[2] T.Phusantisampan, N. Kitiborwornkul, “Progress
in chemical pretreatment of lignocellulose
biomass for applications in biorefinery” The
Journal of King Mongkut's University of
Technology North Bangkok, vol. 32, no. 4,
pp. 1087-1101, 2022, doi: 10.14416/j.kmutnb.
2022.09.018.

[3] A.Ganguly, P. K. Chatterjeca, and A. Dey, “Studies
on ethanol production from water hyacinth — A
review,” Renewable and Sustainable Energy
Reviews, vol. 16, no. 1, pp. 966-972, 2012.

D. Jose et al., “Influence of Acetic Acid Pretreatment and its Residue on Bioethanol and Biogas Production from Water Hyacinth.”



Applied Science and Engineering Progress, Vol. 17, No. 3, 2024, 7326 11

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

C.P.Craft, S. Megonigal, J. Broome, R. Stevenson,
J. Freese, L. Cornell, S. Zheng, and J. Sacco, “The
pace of ecosystem development of constructed
Spartina alterniflora marshes,” Ecological
Applications, vol. 13, no. 5, pp. 14171432,
2003.

G. Aweke, “The water hyacinth (Eichhornia
crassipes) in Ethiopia,” Bulletin des Séances,
Académie Royale des Sciences d'Outre-Mer,
vol. 39, no. 3, pp. 399404, 1993.

C. C. Gunnarsson and C. M. Petersen, “Water
hyacinths as a resource in agriculture and
energy production: A literature review,” Waste
Management, vol. 27, no. 1, pp. 117-129, 2007.
K. Poddar, L. Mandal, and G. C. Banerjee, “Studies
on water hyacinth (Eichhornia crassipes)—
chemical composition of the plant and water from
different habitats,” Indian Veterinary Journal,
vol. 68, pp. 833-837, 1991.

J. Gressel, “Transgenics are imperative for
biofuel crops,” Plant Science, vol. 174, no. 3,
pp. 246-263, 2008.

I. Sunwoo, J. E. Kwon, T. H. Nguyen, and
S. K. Kim, “Ethanol production from water
hyacinth (Eichhornia crassipes) hydrolysate by
hyper-thermal acid hydrolysis, enzymatic
saccharification and yeasts adapted to high
concentration of xylose,” Bioprocess and
Biosystems Engineering, vol. 42, no. 8, pp. 1367—
1374, 2019.

J. L. Varanasi, and D. Das, “Maximizing
biohydrogen production from water hyacinth by
coupling dark fermentation and electrohydrogenesis,”
International Journal of Hydrogen Energy,
vol. 45, no. 8, pp. 5227-5238, 2020.

S.S.Ali, T. Elsamahy, A. Abdelfattah, A. M. Mustafa,
M. A. Khalil, S. G. Mastropetros, M. Kornaros,
J. Sun, and M. Azab, “Exploring the potential
of anaerobic co-digestion of water hyacinth and
cattle dung for enhanced biomethanation and
techno-economic feasibility,” Fuel, vol. 329,
no. 1, 2022, Art. no. 125397.

Y. S. Cheng, P. Mutrakulcharoen, S. Chuetor,
K. Cheenkachorn, P. Tantayotai, E. J. Panakkal,
and M. Sriariyanun, “Recent situation and
progress in biorefining process of lignocellulosic
biomass: toward green economy,” Journal of
Applied Science and Engineering, vol. 13, no. 4,

[13]

[14]

[15]

[16]

[17]

[18]

[19]

pp- 299-311, 2020.

E.J. Panakkal, J. Ratanapoompinyo, N. Kitiborwornkul,
P. Yasurin, S. Asavasanti, W. Rodiahwati, P.
Tantayotai, and M. Sriariyanun, “Production of
food flavouring agents by enzymatic reaction
and microbial fermentation,” Applied Science
and Engineering Progress, vol. 14,no. 3, pp. 297—
312, 2021.

M. Sriariyanun, M. P. Gundupalli, V. Phakeenuya,
T. Phusantisampan, Y. S. Cheng, P. Venkatachalam,
“Biorefinery approaches for production of
cellulosic ethanol fuel using recombinant
engineered microorganisms,” Journal of Applied
Science and Engineering, vol. 27,n0. 2, pp. 1985—
2005, 2024.

D. Jose, A. Tawai, D. Divakaran, D. Bhattacharyya,
P. Venkatachalam, P. Tantayotai, and M. Sriariyanun,
“Integration of deep eutectic solvent in
biorefining process of lignocellulosic biomass
valorization,” Bioresource Technology Reports,
vol. 21, pp. 101365, 2023.

S. Sarto, R. Hildayati, and I. Syaichurrozi, “Effect
of chemical pretreatment using sulfuric acid
on biogas production from water hyacinth and
kinetics,” Renewable Energy, vol. 132, pp. 335—
350, 2019.

M. P. Gundupalli, S. T. A. Sahithi, Y. S. Cheng,
P. Tantayotai, and M. Sriariyanun, “Differential
effects of inorganic salts on cellulase kinetics
in enzymatic saccharification of cellulose and
lignocellulosic biomass,” Bioprocess and
Biosystems Engineering, vol. 44,no. 11, pp. 2331—
2344, 2021.

P. Tantayotai, M. P. Gundupalli, E. J. Panakkal, M.
Sriariyanun, K. Rattanaporn, and D. Bhattacharyya,
“Differential influence of imidazolium ionic
liquid on cellulase kinetics in saccharification of
cellulose and lignocellulosic biomass substrate,”
Applied Science and Engineering Progress,
vol. 15, no0. 3,2022, Art. no. 5510, doi: 10.14416/;.
asep.2021.11.003.

B. Dharmalingam, P. Tantayotai, E. J. Panakkal,
K. Cheenkachorn, S. Kirdponpattara, M. P.
Gundupalli, Y. S. Cheng, and M. Sriariyanun,
“Organic acid pretreatments and optimization
techniques for mixed vegetable waste biomass
conversion into biofuel production,” BioEnergy
Research, vol. 16, pp. 1667-1682, 2023.

D. Jose et al., “Influence of Acetic Acid Pretreatment and its Residue on Bioethanol and Biogas Production from Water Hyacinth.”



12

Applied Science and Engineering Progress, Vol. 17, No. 3, 2024, 7326

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

K. Rattanaporn, P. Tantayotai, T. Phusantisampan,
P. Pornwongthong, and M. Sriariyanun, “Organic
acid pretreatment of oil palm trunk: Effect on
enzymatic saccharification and ethanol production,”
Bioprocess and Biosystem Engineering, vol. 41,
no. 4, pp. 467477, 2018.

G. Licitra, T. Hernandez, and P. V. Soest, “Use
of detergents in the analysis of fibrous feeds. [V:
Determination of plant cell-wall constituents,”
Journal of Association of Official Analytical
Chemists, vol. 50, pp. 50-55, 1967, doi: 10.1093/
jaoac/50.1.50.

APHA, Standard Methods for the Examination
of Water and Wastewater, 21st ed., Washington
DC: Public Health Association/American
Water Works Association/Water Environment
Federation, 2005.

M. P. Gundupalli, P. Tantayotai, S. Chuetor,
K. Cheenkachorn, S. Joshi, D. Bhattacharyya,
and M. Sriariyanun, “Improvement of water
hyacinth bioconversion by different organic and
mineral acid pretreatment and the effect of post
pretreatment washing,” BioEnergy Research,
vol. 16, pp. 1718-1732, 2023.

T. K. Ghose, “Measurement of cellulase
activities,” Pure and Applied Chemistry, vol. 59,
no. 2, pp. 257-268, 1987.

P. Tantayotai, K. Rattanaporn, S. Tepaamorndech,
K. Cheenkachorn, and M. Sriariyanun, “Analysis
of an ionic liquid and salt tolerant microbial
consortium which is useful for enhancement of
enzymatic hydrolysis and biogas production,”
Waste and Biomass Valorization, vol. 10, no. 6,
pp. 1481-1491, 2019.

G. L. Miller, “Use of dinitrosalicylic acid reagent
for determination of reducing sugar,” Analytical
Chemistry, vol. 31, no. 3, pp. 426428, 1959.
K. Rattanaporn, P. Tantayotai, T. Phusantisampan,
P. Pornwongthong, and M. Sriariyanun, “Organic
acid pretreatment of oil palm trunk: Effect on
enzymatic saccharification and ethanol production,”
Bioprocess and Biosystems Engineering, vol. 41,
no. 4, pp. 467477, 2018.

S. Chuetor, E. J. Panakkal, T. Ruensodsai, K.
Cheenkachorn, S. Kirdponpattara, Y. S. Cheng,
and M. Sriariyanun, “Improvement of enzymatic
saccharification and ethanol production from
rice straw by recycled ionic liquid: Effect of

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

anti-solvent mixture,” Bioengineering, vol. 9,
no. 3, p. 115, 2022.

T. A. Lloyd, and C. E. Wyman, “Combined sugar
yields for dilute sulfuric acid pretreatment of
corn stover followed by enzymatic hydrolysis of
the remaining solids,” Bioresource Technology,
vol. 96, no. 18, pp. 1967-1977, 2005.

M. P. Gundupalli, A. S. T. Sahithi, Y. S. Cheng,
P. Tantayotai, and M. Sriariyanun, “Differential
effects of inorganic salts on cellulase kinetics
in enzymatic saccharification of cellulose and
lignocellulosic biomass,” Bioprocess and Biosystems
Engineering, vol. 44, no. 11, pp. 2331-2344,
2021.

S. Areeya, E. J. Panakkal, M. Sriariyanun,
T. Kangsadan, A. Tawai, S. Amornraksa, U. W.
Hartley, and P. Yasurin, “A review on chemical
pretreatment of lignocellulosic biomass for
the production of bioproducts: Mechanisms,
challenges and applications,” Applied Science
and Engineering Progress, vol. 16, no. 3, 2023,
Art. no. 6767, doi: 10.14416/j.asep.2022.08.001.
H. Kangas, T. Liitid, S. Rovio, T. Ohra-Aho, H.
Heikkinen, T. Tamminen, and K. Poppius-Levlin,
“Characterization of dissolved lignins from acetic
acid Lignofibre (LGF) organosolv pulping and
discussion of its delignification mechanisms,”
Holzforschung, vol. 69, pp. 247-256, 2015.

K. B. Dharmalingam, P. Tantayotai, and
R. B. N. Prasad, “Organic acid pretreatment and
optimization technique for mixed vegetable waste
biomass: effects on biogas production and kinetic
modelling,” Bioenergy Research, vol. 15, no. 2,
pp. 773783, 2022.

G. Wan, Q. Zhang, M. Li, Z. Jia, C. Guo, B. Luo,
S. Wang, and D. Min, “How pseudo-lignin is
generated during dilute sulfuric acid pretreatment,”
Journal of Agricultural and Food Chemistry,
vol. 67, no. 36, pp. 10116-10125, 2019.

D. Haldar, P. Dey, A. K. Patel, C. D. Dong, and
R. R. Singhania, “A critical review on the effect
of lignin redeposition on biomass in controlling
the process of enzymatic hydrolysis,” Bioenergy
Research, vol. 15, pp. 863-874,2022.

E. P. Dagninoa, E. R. Chamorroa, S. D. Romano,
F. E. Felissia, and M. C. Area, “Optimization
of the acid pretreatment of rice hulls to obtain
fermentable sugars for bioethanol production,”

D. Jose et al., “Influence of Acetic Acid Pretreatment and its Residue on Bioethanol and Biogas Production from Water Hyacinth.”



Applied Science and Engineering Progress, Vol. 17, No. 3, 2024, 7326 13

Industrial Crops and Products, vol. 42, pp. 363—
368, 2013.

[37] Q.Ji, C. P. Tan, A. E. G. A. Yagoub, L. Chen, D.
Yan, and C. Zhou, “Effects of acidic deep eutectic
solvent pretreatment on sugarcane bagasse for
efficient 5-hydroxymethylfurfural production,”
Energy Technology, vol. 9, no. 9, 2021, Art. no.
2100396, doi: 10.1002/ente.202100396.

[38] T. S. Marimuthu and R. Atmakuru, “Isolation
and characterization of cellulose nanofibers from
the aquatic weed water hyacinth—~FEichhornia
crassipes,” Carbohydrate Polymers, vol. 87,
no. 2, pp. 1701-1705, 2012.

[39] K. M. Lee,J. Y. Hong, and W. Y. Tey, “Combination
of ultrasonication and deep eutectic solvent in
the pretreatment of lignocellulosic biomass for
enhanced enzymatic saccharification,” Cellulose,
vol. 28, pp. 15131526, 2021.

[40] Z.Guo, Q. Zhang, T. You, X. Zhang, F. Xu, and Y.
Wau, “Short-time deep eutectic solvent pretreatment
for enhanced enzymatic saccharification and
lignin valorization,” Green Chemistry, vol. 21,
p- 3099, 2019.

[41] G. Suresh, H. Kopperi, and S. V. Mohan,
“Hydrothermal processing of agar waste to
levulinic acid and fermentation of hydrolysate to
bioethanol,” Bioresource Technology, vol. 382,
2023, Art. no. 129063.

[42] D. Greetham, A. J. Hart, and G. A. Tucker,
“Presence of low concentrations of acetic acid
improves yeast tolerance to hydroxymethylfurfural
(HMF) and furfural,” Biomass and Bioenergy,
vol. 85, pp. 53-60, 2016.

[43] M. Zeng, S. Zhao, S. Yang, S. Ding, Y. Huang, L.
Lin, and H. Huang, “Pretreatment optimization
of corn stover using wet disk milling and the

[44]

[45]

[46]

[47]

(48]

[49]

enzymatic hydrolysis of the resulting milling
fractions,” Bioresource Technology, vol. 216,
pp. 382-387, 2016.

X. Li, T. H. Kim, N. P. Nghiem, and Y. Y. Lee,
“Comparison of different washing techniques for
effective removal of inhibitors from lignocellulosic
hydrolysates,” Biotechnology for Biofuels, vol. 7,
no. 1, pp. 1-14, 2014.

P. Yu, X. Chen, J. Jiang, Y. Chen, Z. Wang, X.
Wang, and P. Ouyang, “Impact of lignocellulosic
biomass washing pretreatment on Saccharomyces
cerevisiae fermentation,” Bioresource Technology,
vol. 268, pp. 337344, 2018.

H. B. Klinke, A. B. Thomsen, and B. K. Ahring,
“Inhibition of ethanol-producing yeast and
bacteria by degradation products produced during
pre-treatment of biomass,” Applied Microbiology
and Biotechnology, vol. 66, no. 1, pp. 10-26,
2004.

K. Liu, X. Wang, L. Han, J. Zhang, and Z. Liu,
“Evaluation of different pretreatment methods
on the growth of Saccharomyces cerevisiae
for bioethanol production from corn stover,”
Bioresource Technology, vol. 241, pp. 112—-119,
2017.

A. K. Pandey, A. Sharma, K. K. Jain, and S.
Jain, “Comparative evaluation of different
pre-treatments on biogas production from water
hyacinth biomass,” Renewable Energy, vol. 166,
pp. 155-164, 2021.

V. R. Nimje, Y. Chen, R. Singh, A. K. Mourya,
W. Zhang, and J. Liu, “Comparative evaluation
of pretreatment methods for enhanced anaerobic
digestion and biogas production from water
hyacinth biomass,” Energy, vol. 119, pp. 229—
237,2017.

D. Jose et al., “Influence of Acetic Acid Pretreatment and its Residue on Bioethanol and Biogas Production from Water Hyacinth.”



